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Stat3 is one of the main signaling components of cytokine receptors, including gp130. Here we show that activation of
cytokine receptor gp130 resulted in a dramatic ventralization of Xenopus embryos and that the ventralization correlated
well with Stat3 activation potential of the receptor. This finding led to identification of Xenopus Stat3 (Xstat3), which
showed a 95% homology to its murine and human counterparts, at the amino acid level, and was expressed from the one-cell
stage throughout development. The mechanism of gp130/XStat3-mediated ventralization proved to be independent of
BMP-4. gp130/Xstat3 stimulation inhibited Smad2-induced ectopic axis formation in embryos and Smad2-dependent
luciferase activity. A dominant-negative Stat3, in contrast, dorsalized Xenopus embryos, resulting in ectopic axis formation.
We propose that Stat3-mediated signaling has the capacity to modify dorsoventral patterning in the early development of
Xenopus. © 1999 Academic PressKey Words: gp130; Stat3; Smad2; Xenopus.
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(INTRODUCTION
Dorsoventral patterning is a critical event in embryogen-
esis of all vertebrate organisms. Members of the TGF-b
family are implicated in this process in Xenopus embryos.
Activin induces different kinds of mesoderm from naive
ectoderm (animal cap), in a concentration-dependent man-
ner, and a high concentration of activin induces dorsal types
of mesoderm (Ariizumi et al., 1991). Ectopic expression of
activin or its signal transducer Smad2 in ventral regions of
Xenopus embryos leads to formation of an additional dor-
salizing signal, resulting in a partial secondary axis (Thom-
sen et al., 1990). Conversely BMP-4 is a ventralizing factor
and elimination of BMP-4 signals by a dominant-negative
BMP-4 receptor leads to a secondary axis formation (Suzuki
et al., 1994b). Spemann’s organizer, which is formed in
dorsal equatorial regions of gastrula embryos, has been
shown to secrete multiple BMP-4 antagonists, such as1 To whom correspondence should be addressed. Fax: 81-3-5449-
5450. E-mail: tyokota@ims.u-tokyo.ac.jp.
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ions into dorsal mesoderm (Zimmerman et al., 1996;
iccolo et al., 1996).
We report here the roles of another signaling system,
ytokine receptors, in dorsoventral patterning. Receptors
or interleukin (IL)-6, IL-11, leukemia inhibitory factor
LIF), ciliary neurotrophic factor (CNTF), and cadiotrophin
CT)-1 are composed of ligand-specific a or b subunits and
the common signal transducer gp130 (Hibi et al., 1990). IL-6
is involved in various immune responses and IL-11 is
important for hematopoiesis. LIF and CNTF have roles in
the nervous system. CT-1 is a newly identified cytokine
which plays a role in cardiogenesis (Pennica et al., 1995).
Upon stimulation, gp130 is oligomerized and associated
tyrosine kinases (Jak1, Jak2, Tyk2) are activated. Activated
Jaks phosphorylate tyrosine residues of gp130, and a tran-
scription factor, Stat3 (signal transducer and activator of
transcription 3), is recruited to gp130. gp130, with several
Stat3-binding sequences around tyrosine residues, serves as
a docking site for the SH2 domain of Stat3 (Akira et al.,
1994; Stahl et al., 1995). Stat3 is then tyrosine-
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482 Nishinakamura et al.phosphorylated, dimerized, translocated to the nucleus, and
activates transcription by binding promoter regions of vari-
ous genes. The consensus sequences in these regions are
also known (TTNNNNNAA) (Akira et al., 1994; Nakajima
et al., 1996). Mice deficient in Stat3 die between 6.5 and 7.5
dpc for reasons unknown (Takeda et al., 1997). Therefore
Stat3 has functions which are essential for mouse develop-
ment, at the stage of gastrulation.
We generated chimeric cytokine receptors consisting of
extracellular regions of the human GM-CSF receptor and
transmembrane–intracellular regions of mouse gp130 (GM-
CSF receptor a fused to gp130 and GM-CSF receptor b fused
to gp130). These chimeric receptors transmit the gp130
signal in a human GM-CSF-dependent manner in murine
embryonic stem cells, since human GM-CSF ligand does
not interact with mouse GM-CSF receptor. (Nakamura et
al., 1998; Matsuda et al., 1999). Therefore, chimeric recep-
ors are molecular switches which activate Stat3 and other
ignaling cascades downstream of gp130. To better under-
tand Stat3 functions in early development, we introduced
himeric cytokine receptors into Xenopus embryos, as
hese are useful to examine gene functions in whole organ-
sms. Indeed activation of gp130 signaling resulted in a
ramatic ventralization of Xenopus embryos. Mutation
nalysis of the chimeric receptors led to identification of
enopus Stat3, which is expressed throughout early embryo
evelopment. Our results suggest that Stat3-mediated cy-
okine signaling can modify dorsoventral patterning, inde-
endent of BMP-4.
MATERIALS AND METHODS
Embryo Manipulation
Xenopus embryos were dejellied in 3% cysteine and staged as
described (Nieuwkoop and Faber, 1994). Embryos in Steinberg’s
solution plus 5% Ficoll were injected with 5 nl of the relevant
sample into each blastomere. For animal cap assays, embryos were
injected animally at the two-cell stage; animal caps were dissected
at stage 9 and cultured in Steinberg’s solution plus 0.1% bovine
serum albumin.
Plasmid Construction
Construction of the chimeric receptors was as described (Naka-
mura et al., 1998). XhoI–XhoI fragments of all of the chimeric
receptor constructs and an XhoI–SalI fragment of the GM-CSF
ligand were cloned into the XhoI site of the pCS21 vector (Rupp et
al., 1994). Xstat3 was cloned into the EcoRI–NotI site of pBluescript
II KS(2) (Stratagene). A dominant-negative Xstat3 (Xstat3EnR) was
constructed by replacing the transactivation domain C-terminal to
the SH2 domain with a repressor domain of Drosophila Engrailed
(Conlon et al., 1996). In addition, a hemagglutinin (HA) tag was
added to the 59 terminus of the coding sequence, using a primer
containing the KpnI site and the HA sequence. The final product
was cloned into the KpnI–BamHI site of pBluescript II KS(2).
Mutations in Xstat3EnR were introduced by overlap extension
using PCR (Ho et al., 1989).
Other plasmids we used were as follows: noggin D 59 in
Copyright © 1999 by Academic Press. All rightpGEM5Zf(2) (Smith and Harland, 1992), a dominant-negative
BMP-4 receptor in pSP64T (Suzuki et al., 1994b), activin bA in
Bluescript II KS(2) (Suzuki et al., 1994a), and Smad2 in a modified
pSP64T vector (Graff et al., 1996).
Preparation of Synthetic RNA
The constructs were linearized and capped mRNAs were syn-
thesized, using the mMESSAGE mMACHINE kit (Ambion). Fol-
lowing synthesis, RNAs were subject to two rounds of precipita-
tion with 0.5 M ammonium acetate to remove unincorporated
nucleotides.
Histological Examination
Embryos were fixed with Bouin’s solution and were processed for
paraffin-embedded sectioning at 6 mm thickness, followed by
taining with hematoxylin and eosin. Complete serial sectioning
as made for sagittal and transverse sections.
Whole-Mount in Situ Hybridization
Whole-mount in situ hybridization was done as described
(Wilkinson, 1992). The probes were generated using the DIG RNA
labeling mixture (Boehringer Mannheim) and the color was devel-
oped by BCIP/NBT.
RT-PCR Assays
Explants were homogenized in 1 ml of Trizol (Gibco BRL) and total
RNA was extracted. RNA was then treated with DNase followed by
phenol–chloroform extraction. Reverse transcription-polymerase
chain reaction assays were done in the exponential phase of am-
plification. Primers used in this study were as follows: goosecoid
(f, AGGCACAGGACCATCTTCACCG; r, CACTTTTAACCTCT-
TCGTCCGC) (Blumberg et al., 1991), chordin (f, CAGTCAGATG-
GAGCAGGATC; r, AGTCCCATTGCCCGAGTTGC) (Weinstein et
al., 1998), Xvent-1 (f, GCATCTCCTTGGCATATTTGG; r, TTC-
CCTTCAGCATGGTTCAAC) (Gawantka et al., 1995), N-CAM
(f, CACAGTTCCACCAAATGC; r, GGAATCAAGCGGTACAGA)
(Blitz and Cho, 1995), otx 2 (f, GGATGGATTTGTTGCACCAGTC;
r, CACTCTCCGAGCTCACTTCTC) (Blitz and Cho, 1995), a-actin
(f, GCTGACAGAATGCAGAAG; r, TTGCTTGGAGGAGTGTGT),
and ODC (f, GTCAATGATGGAGTGTATGGATC; r, TCCATTC-
CGCTCTCCTGAGCAC).
Cloning of Xstat3
Degenerate primers corresponding to the conserved amino acid
sequences (FETEVYH and TWVEKDI) were used to amplify a
567-nucleotide fragment of Xstat3 from stage 10 cDNA. A plasmid
cDNA library generated from stage 32 embryos was screened using
the fragment as a probe. Time Saver cDNA synthesis kits
(Amersham–Pharmacia) were used to generate the cDNA library in
which inserts were cloned into the EcoRI–NotI site of pME18S
(Hara et al., 1994).
Western BlottingEmbryos from each stage were lysed in 10 mM Tris–HCl (pH
6.8), 6% glycerol, 2% SDS, 50 mM DTT, and 2 mM EDTA.
s of reproduction in any form reserved.
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483Stat3 Activation Ventralizes Xenopus EmbryosHeat-denatured extracts of one embryo equivalent were electro-
phoresed on 7.5% SDS–polyacrylamide gels and transferred to
Immobilon-P membrane (Millipore). The blot was incubated with
affinity-purified rabbit anti-Stat3 antibody (C-20; Santa Cruz Bio-
technology) and subsequently with horseradish peroxidase-conjugated
anti-rabbit IgG antibody. Development was done using the enhanced
chemiluminescence detection system (Amersham–Pharmacia).
Luciferase Assays
The DNA concentration used for injection was 10 mg/ml for all
eporter constructs. Five embryos for each sample were collected at
tage 10 and homogenized in 100 ml of 50 mM Tris–HCl (pH 7.6).
fter centrifugation, 10 ml of the supernatant was used for lucif-
rase assay, using a PicaGene luciferase kit (Toyo Ink) and a
erthold luminometer. Experiments were repeated at least three
imes and one representative experiment is shown in each figure.
ach experiment was carried out using eggs laid by a single female.
As for BOSC luciferase, 2 mg of indicated DNA driven by the
AG promoter (Niwa et al., 1991) was transfected into BOSC cell
ines by lipofection along with the APRF construct. Twenty-four
ours after transfection, cells were split and cultured with or
ithout LIF (80 ng/ml). Cells were harvested after 24 h of culture
nd examined for luciferase activity.
RESULTS
gp130-Mediated Cytokine Signaling Ventralizes
Xenopus Embryos
To examine the potential roles of cytokine receptor
signaling in early development of vertebrates, RNA from
several cytokine receptor constructs was injected into Xe-
opus embryos, along with RNA from human GM-CSF
igand (Fig. 1A). Injection of RNA from human GM-CSF
eceptors (a and b chains) and GM-CSF led to no significant
henotypes (data not shown). However, when RNA from
himeric receptors consisting of extracellular human GM-
SF receptors and transmembrane–intracellular regions of
urine gp130 (a-gp130 and b-gp130) was injected with
M-CSF ligand RNA into dorsal blastomeres of four-cell-
tage embryos, all of the embryos were significantly ven-
ralized. Head structure, including eyes and cement gland,
as absent and ventral parts were enlarged (Figs. 1A and
B). Histological analysis of these embryos showed the
bsence of forebrain, eyes, and cement gland (Fig. 2B).
pinal cord was existent, but its development was poor, as
hown in Fig. 2D. Remarkably notochord was rarely de-
ected in most embryos examined (Figs. 2B and 2D).
omites were fused at the midline to replace the nonexist-
nt notochord. In addition enlargement of the blood island
as observed. These findings are consistent with ventral-
zation of embryos. Injection into ventral blastomeres was
ithout effect (data not shown). Injection of GM-CSF ligand
NA alone or RNA from the two receptor chains without
M-CSF RNA also led to no phenotypic changes (data not
hown), indicating that this chimeric cytokine receptor
ystem is activated selectively by the ligand in Xenopus
mbryos. These results are taken to mean that Xenopus
Copyright © 1999 by Academic Press. All rightembryos have intracellular signaling mechanisms which
can respond to gp130, the cytokine receptor.
FIG. 1. The ventralizing effects of gp130 are closely linked to its
Stat3-binding sites. (A) Chimeric receptor constructs. (Left)
a-gp130 and b-gp130. Extracellular regions of human GM-CSF
receptors (a and b subunits) were fused to transmembrane and
intracellular regions of mouse gp130. (Middle) F2 mutants. The
C-terminal regions of the chimeric receptors were truncated up to
the 133rd amino acid and tyrosine 118 was replaced by phenylala-
nine. These mutants lack the Ras–MAP kinase pathway, but retain
Stat3 signaling. The amino acid numbering is counted from the
starting point of the intracellular region of gp130. (Right) F3
mutants. The C-terminal regions of the chimeric receptors were
truncated up to the 133rd amino acid and tyrosine 126 was replaced
by phenylalanine. These mutants lack Stat3 signaling but retain
the Ras–MAP kinase pathway. (B) (Upper left) RNA from a-gp130,
b-gp130, and GM-CSF ligand (20 pg each) was injected into equa-
torial regions of two dorsal blastomeres of 4-cell-stage embryos.
The average dorsoanterior index (DAI) was 1.78 6 0.81 (n 5 50).
(Upper right) Injection of RNA (20 pg each) from GM-CSF and F2
mutants (a-F2 and b-F2). DAI 1.92 6 1.21 (n 5 23). (Lower left)
Injection of RNA (20 pg each) from GM-CSF and F3 mutants (a-F3
and b-F3). DAI 4.42 6 0.76 (n 5 24). (Lower right) Uninjected controls.To confirm gp130-mediated ventralization, RNA from
the ligand and the chimeric receptors was injected into
s of reproduction in any form reserved.
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484 Nishinakamura et al.equatorial regions of all blastomeres of four-cell-stage em-
bryos and the resulting embryos were analyzed by whole-
mount in situ hybridization (Fig. 3). Goosecoid and chordin
are expressed in the dorsal lip in uninjected embryos at the
early gastrula stage, but expression of these genes was
significantly reduced in embryos injected with gp130 mix-
ture. Myo D is expressed in somites and Xnot in notochord
in late gastrula stage and they serve as markers for dorsal
mesoderm. Expression of both of these genes was also
significantly reduced upon gp130 stimulation. Xvent-1 and
Xvent-2 are expressed in the ventrolateral marginal zone,
the latter of which extends more laterally. These ventral
marker genes were expressed in the circumferential mar-
ginal zone upon gp130 stimulation. These results are con-
sistent with ventralization by gp130.
The Ventralizing Effect of gp130 Is Closely Linked
to Its Stat3-Binding Sites
In mammals, gp130 signaling activates a Jak–Stat path-
way, as well as a Ras–MAP kinase pathway. Several
tyrosine residues are important for such signaling. Many
truncation and substitution mutants of gp130 have been
FIG. 2. Histological examination of embryos injected with gp130.
(stage 42). (B) A sagittal midline section of an embryo injected with
blastomeres at the 4-cell stage (stage 42). (C) A transverse section a
(D) A transverse section at the level of the bar indicated in B of
phenotype similar to that of B (stage 42). bl, blood island; cg, ce
notochord; sc, spinal cord; so, somite; yo, yolk. Scale bar, 200 mmtested, using mammalian cell lines (Nakajima et al.,
996). C-terminal truncation up to the 133rd amino acid
Copyright © 1999 by Academic Press. All rightetains activity comparable to that of the wild type, but
ubstitution of tyrosine 126 for phenylalanine in this
runcated form (F3) abolishes the Stat3 activation capac-
ty, since the sequence surrounding this tyrosine is a
tat3-binding site (Fig. 1A). F3 mutants retain the Ras–
AP kinase pathway. On the other hand, the substitu-
ion of tyrosine 118 (F2) retains Stat3 activation, but
bolishes Ras–MAP kinase activation through SHP2. We
ntroduced the same truncations and substitutions into
he chimeric receptors and confirmed the differential
ignaling in murine embryonic stem cells (Matsuda et al.,
999). Stat3 was phosphorylated only by F2 mutants,
hile SHP2 and MAP kinases (ERK1 and ERK2) were
hosphorylated by F3 mutants.
When RNA from mutants lacking Ras–MAP kinase acti-
ation (a-133F2, b-133F2) was injected along with RNA
rom the GM-CSF ligand, the ventralization of embryos was
s severe as in case of the nonmutated receptor injection
Fig. 1B). However, embryos injected with RNA from mu-
ants lacking the Stat3-binding site (a-F3, b-F3) along with
GM-CSF ligand RNA showed no, or only slight, ventraliza-
tion (Fig. 1B), which means that the ventralizing activity of
sagittal midline section of an uninjected embryo at tadpole stage
each of RNA from a-gp130, b-gp130, and GM-CSF into two dorsal
level of the bar indicated in A of an uninjected embryo (stage 42).
bryo which was injected with the gp130 mixture and showed a
t gland; ev, ear vesicle; fb, forebrain, gu, gut; hb, hindbrain; no,(A) A
20 pg
t the
an em
mengp130 correlates with the Stat3-binding sites. Therefore, a
Xenopus counterpart of Stat3 may exist in embryos of this
s of reproduction in any form reserved.
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485Stat3 Activation Ventralizes Xenopus Embryosearly stage and the ventralizing activity of gp130 may be
FIG. 3. Whole-mount in situ hybridization of embryos upon
gp130 stimulation. RNA from a-gp130, b-gp130, and GM-CSF
igand (20 pg each) was injected into equatorial regions of all
lastomeres of 4-cell-stage albino embryos and the resulting em-
ryos were analyzed by whole-mount in situ hybridization at the
astrula stage (right). Embryos are shown in vegetal view with the
orsal side up. Left, uninjected controls.mainly mediated by the Xenopus Stat3 recruited to the
binding sites of gp130.
Copyright © 1999 by Academic Press. All rightXenopus Stat3 Is Expressed throughout Early
Development and Is Activated upon gp130
Stimulation
When we cloned a Xenopus homologue of Stat3 (Xstat3)
sing degenerate PCR, we found a remarkable homology to
uman and murine Stat3 (95% at the amino acid level) and
lso a high homology (84%) to trout Stat3 (Johnson et al.,
enBank OMU60333). (The nucleotide sequence data of
stat3 have been deposited with the DDBJ/EMBL/GenBank
atabases under Accession No. AB017701.) The DNA bind-
ng domain, the SH2 domain, and the tyrosine residue of
hich phosphorylation is required for dimerization are well
onserved.
With whole-mount in situ hybridization, the Xstat3 tran-
cript was evident from the one-cell stage and was ex-
ressed fairly ubiquitously up to the gastrula stage and was
estricted mainly to the nervous system later in develop-
ent (data not shown).
To confirm the existence of Xstat3 as a protein, Western
lotting was done using an anti-mouse Stat3 antibody,
hich also recognized Xstat3. The Xstat3 protein was
xpressed from the one-cell stage throughout development
Fig. 4A).
To determine if Xstat3 is activated upon gp130 stimula-
ion, we used a reporter gene construct. A Stat3-binding
onsensus sequence was noted in mammals (Akira et al.,
994; Nakajima et al., 1996). A vector containing four
andem repeats of Stat3-binding sequences from rat a2
macroglobulin promoter fused to luciferase (APRF-luc) was
co-injected with the chimeric receptors and the ligand. The
gp130 chimeras and GM-CSF stimulated the luciferase
activity 100-fold, compared to the control, indicating that
Xstat3 binds to target sequences and activates transcription
upon gp130 stimulation (Fig. 4B). F2 mutants showed activ-
ity comparable to that of the wild type, whereas F3 mutants
showed no stimulatory activity. Together with results of
phenotypes of the embryos, these data indicate that gp130-
mediated ventralization correlates with Stat3 activation. In
addition Xwnt-8, activin, and BMP-4 did not activate
Xstat3, indicating that Xstat3 is not downstream of any of
these ligands known to be involved in dorsoventral pattern-
ing (Fig. 4B).
gp130/Xstat3-Mediated Ventralization
Is Independent of BMP-4
BMP-4 is a potent ventralizing factor and elimination of
BMP-4 signals by a dominant-negative BMP-4 receptor or
BMP-4 antagonists, such as noggin, leads to axis duplica-
tion. When the cytokine receptor mixture was co-injected
with noggin or the dominant-negative BMP-4 receptor, axis
duplication was significantly inhibited (Fig. 5A).
To closely examine the relationship of Xstat3 and BMP-4,
we used a promoter of Xvent-2 fused to luciferase (Xvent2-
luc), which is responsive to BMP-4 (Candia et al., 1997).
gp130 stimulation had no apparent effects on Xvent2-luc
activity (Fig. 5B). Xvent2-luc itself showed high activity due
s of reproduction in any form reserved.
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486 Nishinakamura et al.to endogenous BMP-4, which was inhibited by a dominant-
negative BMP-4 receptor. If the gp130/Xstat3 pathway uti-
lizes the same signaling molecules as BMP-4, such as
FIG. 4. Xstat3 is present throughout early development and
activated upon gp130 stimulation. (A) Xstat3 protein is present
from the one-cell stage throughout early development. Proteins
from one embryo equivalent were blotted using an anti-Stat3
antibody. (B) Xstat3 is activated upon gp130 stimulation. APRF-luc
was co-injected with the indicated RNA into two dorsal blas-
tomeres of 4-cell-stage embryos. Five embryos for each sample
were harvested at stage 10 and subjected to luciferase assay.
Luciferase activity from embryos injected with APRF-luc alone was
set as baseline activity. gp130, GM-CSF1a-gp1301b-gp130; F2,
M-CSF1a-F21b-F2; F3, GM-CSF1a-F31b-F3 (20 pg each);
MP-4 (100 pg); Xwnt-8 (2 pg); and activin (20 pg). (C) Xstat3 is not
ctivated by BMP-4, BMP-2/4, or Smad1/4. Luciferase assay was
one as in (B). BMP-4 (100 pg), BMP-2/4 (BMP-2 100 pg, BMP-4 100
g), and Smad1/4 (Smad1 100 pg, Smad4 100 pg).Smad1, stimulation of gp130 would reverse the inhibitory
effect of the dominant-negative BMP-4 receptor. However,
r
m
Copyright © 1999 by Academic Press. All rightp130 stimulation failed to reverse this inhibition (Fig. 5B),
hereas the phenotypes (secondary axis formation) were
eversed, as described above. These findings rule out the
ossibility that activation of the cytokine receptor signaling
FIG. 5. The relationship of gp130/Xstat3 signaling with BMP-4
and Smad2. (A) gp130 stimulation inhibited axis duplication in-
duced by noggin, a dominant-negative BMP-4 receptor (DNBR), and
Smad2. Indicated RNA was injected with 60 pg of EF-1a RNA (2)
or RNA (20 pg each) from GM-CSF, a-gp130, and b-gp130 (1) into
two ventral blastomeres of 4-cell-stage embryos. Numbers of
embryos examined are beside the bars. Doses of RNA used were as
follows: noggin (2 pg), the dominant-negative BMP-4 receptor (100
pg), and Smad2 (500 pg). (B) Xvent2-luc (BMP-4-responsive element)
was co-injected with the indicated RNA into two ventral blas-
tomeres of 4-cell-stage embryos. DNBR (100 pg), GM-CSF1a-
gp1301b-gp130 (gp130) (20 pg each). Luciferase activity from
embryos injected with DNBR was set as baseline activity. (C)
DE-luc (activin-responsive element) was co-injected with indicated
RNA into one ventral animal (A) or ventral vegetal (V) blastomere
of 8-cell-stage embryos. Activity in the ventral animal blastomere
was set as baseline activity. Smad2 (300 pg), GM-CSF1a-F21b-F2
F2) (20 pg). Experiments were repeated at least three times and one
epresentative experiment is shown in each graph. Each experi-
ent was carried out using eggs laid by a single female.
s of reproduction in any form reserved.
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487Stat3 Activation Ventralizes Xenopus Embryosresulted in a secondary production of BMP-4 and indicate
that gp130/Xstat3 signaling does not overlap with that of
BMP-4, at least at the level of Xvent-2 induction. We also
found that BMP-4 failed to activate Xstat3, when we used a
reporter gene containing Stat3-binding sequences (Fig. 4B).
BMP-2/4 and Smad1/4 were also tested to further confirm
that Xstat3 is not activated by BMP-4 signaling. While all of
the injected embryos (F2 mutants, BMP-4, BMP-2/4,
Smad1/4) showed significant ventralization when cultured
for 24 h, BMP-2/4 or Smad1/4 failed to activate Xstat3 (Fig.
4C). These data indicate that gp130/Xstat3-mediated ven-
tralization is independent of BMP-4.
Xstat3 Signaling Antagonizes the Smad2 Pathway
We next investigated the relationship of gp130/Xstat3-
mediated ventralization with Smad2. Activin and its signal
transducer Smad2 induce dorsal mesoderm in animal cap
explants and axis duplication in whole embryos upon
ectopic expression. When Smad2 RNA was co-injected with
the cytokine receptor RNA mixture into ventral blas-
tomeres of four-cell-stage embryos, the dorsalizing activity
of Smad2 was completely inhibited and there was no axis
duplication (Fig. 5A). In animal cap explants, gp130 stimu-
lation inhibited the Smad2-induced expression of goosecoid
and chordin (data not shown).
To further examine the mechanisms of inhibition, we
used six tandem repeats of the distal element of the goose-
coid promoter fused to luciferase (DE-luc) (Watabe et al.,
995). This element responds only to activin/Smad2 signal-
ng. When the F2 mutant cytokine receptor mixture, which
as Stat3 activation potential, was co-injected with Smad2
NA into animal blastomeres of eight-cell-stage embryos,
he Smad2-induced luciferase activity was significantly
nhibited (Fig. 5C). DE-luc showed high activity in vegetal
lastomeres of eight-cell embryos due to endogenous
mad2 activity. Smad2 injection into vegetal blastomeres of
ight-cell embryos increased DE-luc activity further, and
o-injection of F2 mutants with Smad2 again inhibited the
mad2-induced DE-luc activity (Fig. 5C). Similar inhibition
as observed when F2 mutants were co-injected with
mad2/4 (data not shown). These data suggest Xstat3-
ediated inhibition of the Smad2 pathway. This may be
ne mechanism of Xstat3-mediated ventralization.
gp130 stimulation had no apparent effects on Xwnt-8-
nduced expression of siamois and Xnr3 in animal cap
xplants, indicating that the gp130/Xstat3 pathway does
ot interact with Wnt signaling (data not shown).
A Dominant-Negative Xstat3 Induces Axis
Duplication
To address the endogenous roles of Xstat3, a dominant-
negative form of Xstat3 was constructed. A transactivation
domain C-terminal to the SH2 domain was replaced with a
repressor domain of Drosophila Engrailed (Xstat3EnR) (Fig.
6A). When introduced into BOSC cell lines, which express
w
w
Copyright © 1999 by Academic Press. All rightndogenous gp130 and respond to LIF, this construct inhib-
ted LIF-induced Stat3 activation measured by APRF-luc
ctivity, indicating that Xstat3EnR has dominant-negative
ctivity (Fig. 6B). Mutations in mouse Stat3 (EE434-435AA
nd VVV461-463AAA) were shown to abolish the DNA
inding capacity (Bromberg et al., 1998). The same muta-
ions were introduced into Xstat3EnR and this mutant
stat3EnR only partially inhibited LIF-induced Stat3 acti-
ation (Fig. 6B). We speculate that Xstat3EnR forms an
nhibitory dimer with the wild-type protein, though further
tudies are needed to elucidate precise mechanisms by
hich Xstat3EnR functions as a dominant-negative mole-
ule.
When injected into ventral blastomeres of four-cell-stage
enopus embryos, Xstat3EnR, but not mutated Xstat3EnR,
enerated an ectopic axis in almost all embryos (Figs. 6C
nd 6D). When wild-type Xstat3 was co-injected with
stat3EnR, this ectopic axis formation was significantly
nhibited, whereas co-injection of unrelated RNA (GM-
SF) resulted in ectopic axis formation (Figs. 6C and 6D).
herefore, the inhibitory activity of Xstat3EnR is specific
or Xstat3. A cytokine receptor mixture retaining Xstat3
ctivation potential (F2 mutants) also inhibited ectopic axis
ormation by Xstat3EnR while F3 mutants lacking Xstat3
ctivation did not, further supporting the specificity of
stat3EnR (data not shown). These data indicate that tran-
criptional repression of Xstat3 target genes leads to dorsal-
zation of embryos.
To confirm the dorsalizing effects of Xstat3EnR,
stat3EnR was injected into all blastomeres of four-cell-
tage embryos (radial injection), and development of mar-
inal zones was examined using molecular markers (Fig. 7).
stat3EnR, but not mutated Xstat3EnR, induced dorsal
arkers (chordin, goosecoid, a-actin, N-CAM, otx2) and
uppressed a ventral marker (Xvent-1), in ventral marginal
ones. These results were consistent with dorsalization of
mbryos by Xstat3EnR.
DISCUSSION
The Jak–Stat pathway is conserved from Drosophila and
Dictyostelium to mammals and appears to have a physio-
logical role in a variety of organisms. Little is known of its
function in lower vertebrates such as Xenopus, a pertinent
model for analyzing gene functions in a whole organism. To
investigate potential roles of the Jak–Stat pathway, we
introduced cytokine receptors along with ligands into Xe-
opus embryos. The activation of gp130 signaling resulted
n a dramatic ventralization of embryos, and mutation
nalysis of the chimeric receptors led to identification of
enopus Stat3.
We found that Xenopus Stat3 is present at early stages of
mbryo development. The sequence of Xenopus gp130 has
een deposited with GenBank (Chen et al., AF04184). When
e carried out RT-PCR of Xenopus gp130, we found that it
as also expressed from the one-cell stage throughout
s of reproduction in any form reserved.
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488 Nishinakamura et al.development, like Stat3 (data not shown). We then asked if
there exists an endogenous ligand which utilizes gp130 and
ventralizes embryos. Known cytokines do not have ventral-
izing activity. In addition, we found that BMP-4, Xwnt-8,
and activin did not activate Xstat3. Identification of an
endogenous ligand and the ligand-specific receptor subunit
which would be expected to heterodimerize with gp130 has
the potential to reveal a cytokine system, yet to be identi-
fied.
We recently described a conditionally active form of
murine Stat3, which can maintain murine embryonic stem
cells in an undifferentiated state (Matsuda et al., 1999).
Stat3 was fused to a ligand-binding domain of a mutated
estrogen receptor (Stat3ER) and this molecule is transcrip-
tionally active in the presence of 4-hydroxytamoxifen
(4HT). Both murine and Xenopus Stat3 fused to the mutated
estrogen receptor were transcriptionally active in the pres-
ence of 4HT when tested in BOSC cell lines. Neither
FIG. 6. Xstat3EnR induced ectopic axis formation. (A) Structure
residue of which phosphorylation is required for dimerization.
LIF-induced Stat3 activation measured by APRF-luc in BOSC cell li
did not. 2 mg of the indicated DNA driven by the CAG promoter wa
ransfection, cells were split and cultured with or without LIF. Cell
ach bar represents data from triplet samples. Mock, CAG vector wi
ars, in the presence of LIF. Mock transfection without LIF was se
300 pg), induced an ectopic axis formation, which was inhibited
umbers of embryos examined are beside the bars. (D) (Upper left)
njection of Xstat3EnR (30 pg) also resulted in axis duplication. (Low
Lower right) Xstat3EnR (30 pg) was co-injected with Xstat3 RNAconstruct, however, activated APRF-luc in Xenopus em-
bryos even in the presence of 4HT and thus led to no
e
i
Copyright © 1999 by Academic Press. All rightentralization, indicating that additional signaling may be
equired to activate Stat3ER in vivo (data not shown).
Mammals have six known Stat members, all of which
lay distinct roles in cytokine signaling. When we stimu-
ated the wild-type GM-CSF receptor, which activates Stat5
n mammals, ventralization did not occur in Xenopus
mbryos. Thus, either Xenopus Stat5 has no ventralizing
ctivity or it does not exist at early stages. Whichever the
ase, the unique feature of the gp130–Xstat3 system is
vident. The cloning and examination of expression pat-
erns of other Stats will be useful to better understand
pecific and redundant functions of Stat family members.
While BMP-4 is a potent ventralizing factor, our results
o suggest that gp130 signaling does not activate BMP-4
ignaling, at least at the level of Xvent-2 activation, as
hown by luciferase assay. Conversely, BMP-4 does not
ctivate Xstat3. Therefore, these two pathways do not
verlap at their initial stages. This means that Xenopus
stat3 and Xstat3EnR. TAD, transactivation domain; Y, tyrosine
stat3EnR has dominant-negative activity. Xstat3EnR inhibited
hile Xstat3EnR containing mutations in its DNA binding domain
sfected into BOSC cell lines along with APRF construct. 24 h after
e harvested after 24 h of culture and assayed for luciferase activity.
inserts was transfected as a control; closed bars, without LIF; open
aseline activity. (C) Xstat3EnR (30 pg), but not the mutated form
-injection of Xstat3 (500 pg), but not by GM-CSF RNA (500 pg).
3EnR RNA (100 pg) induced ectopic axes in embryos. (Upper right)
ft) Xstat3EnR (30 pg) was co-injected with GM-CSF RNA (500 pg).
pg), resulting in inhibition of ectopic axis formation.of X
(B) X
nes, w
s tran
s wer
th no
t as b
by co
Xstatmbryos have a signaling cascade for ventralization which
s not used by BMP-4. The interaction of Stat3 and Smad1
s of reproduction in any form reserved.
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489Stat3 Activation Ventralizes Xenopus Embryoswas noted in an in vitro differentiation system of murine
astrocytes (Nakashima et al., 1999). Stimulation of both
Stat3 and Smad1 pathways by LIF and BMP-2 induces
astrocyte differentiation, though stimulation of either path-
way alone was without effect. Synergy of these two path-
ways can be explained by formation of a complex between
Stat3 and Smad1, bridged by p300. While similar mecha-
nisms may possibly function in the case of Xstat3-mediated
ventralization, we found that activation of the Xstat3
pathway does not result in a secondary production of
BMP-4, suggesting that there is no simple synergy between
the two pathways.
gp130 signaling inhibits the Smad2 pathway. Xstat3 may
induce a secondary molecule, which in turn functions as an
inhibitor of the Smad2 pathway, since Xstat3 is apparently
a positive transcriptional regulator when Stat3-binding se-
quences are used. Interferon-g, which utilizes JAK1 and
Stat1, induces anti-Smad (Smad6) in cell lines and inhibits
FIG. 7. Xstat3EnR dorsalized ventral marginal zones. RNA of
Xstat3EnR (100 pg) or mutated Xstat3EnR (100 pg) was injected
into equatorial regions of all blastomeres of 4-cell-stage embryos.
Dorsal marginal zone (DMZ) and ventral marginal zone (VMZ)
were isolated at stage 10 and cultured until sibling embryos
reached stage 11 (top) or stage 28 (bottom). RNA from explants was
analyzed by RT-PCR. D, DMZ; V, VMZ; E, whole embryo. (2)
Negative control that contained no reverse transcriptase.TGF-b responses (Ulloa et al., 1999). Anti-Smads (Smad
/7), however, were not upregulated by Xstat3 activation, as
Copyright © 1999 by Academic Press. All rightxamined using RT-PCR in animal cap assays (data not
hown). In addition Smad6/7 inhibits the BMP-4 pathway in
enopus and induces axis duplication, which does not
xplain Xstat3-mediated ventralization even if anti-Smads
re induced by Xstat3 (Hata et al., 1998; Nakayama et al.,
998). Therefore other molecules which inhibit the Smad2
athway need to be tested.
Axis duplication by Xstat3EnR indicates that transcrip-
ional repression of Xstat3 target genes leads to dorsaliza-
ion of embryos. This means that Xstat3 target genes are
ssential for ventralization. Identification of Xstat3 target
enes in this setting will be useful for determining molecu-
ar events related to ventralization. We found that Xstat3
ignaling and the BMP-4 pathway do not overlap at their
nitial stages. This does not, however, rule out the possibil-
ty that the Xstat3 pathway converges downstream with the
MP-4 pathway. A search for Xstat3 target molecules may
lso aid in understanding precise BMP-4 signaling cascades
ownstream of Xvent genes.
In mammals, cytokine signaling is mainly involved in
volutionarily higher functions such as immune system
nd hematopoiesis. Our data revealed that the gp130/Stat3
athway is also present in early development of lower
ertebrates and that its activation alters dorsoventral pat-
erning, a very primitive system. Analysis of upstream and
ownstream molecular events should lead to a new field of
ytokine research, as well as to a better understanding of
orsoventral patterning.
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